This work investigates the effect of Cl 2 / Ar dry etching on p-GaN. The root-mean-square ͑rms͒ surface roughness is measured, and the depth display ͑Bearing analysis͒ is monitored. The current-voltage characteristics of etched p-GaN with Ni ͑20 nm͒ /Au ͑20 nm͒ metallization are studied. Experimental results indicate that the etching rate does not increase significantly with the Cl 2 flow rate at a constant power or chamber pressure. The Bearing ratio data exhibit a much stronger variation with etch conditions, the rms displays the same trend but to a lesser extent. Based on the successful application of GaN-based devices, e.g., blue light-emitting diodes and laser diodes, GaN metal-semiconductor field effect transistors and high electron mobility transistors have been developed. 1-5 However, GaNbased heterojunction bipolar transistors are still under development owing to difficulties in forming a heavily doped p-GaN base and good Ohmic contacts. [6] [7] [8] [9] [10] [11] [12] The roughness and the contamination that originate from the dry etching of the p-GaN surface increase the Schottky barrier height ͑SBH͒ at the metal/semiconductor interface. [13] [14] [15] [16] However, the effect of roughness on p-GaN contacts has not been closely studied. This work presents the etched root-meansquare ͑rms͒ surface roughness and monitors the depth display ͑Bearing analysis͒ of the doped p-GaN after Cl 2 /Ar reactive ions etching ͑RIE͒.
Based on the successful application of GaN-based devices, e.g., blue light-emitting diodes and laser diodes, GaN metal-semiconductor field effect transistors and high electron mobility transistors have been developed.
1-5 However, GaNbased heterojunction bipolar transistors are still under development owing to difficulties in forming a heavily doped p-GaN base and good Ohmic contacts. [6] [7] [8] [9] [10] [11] [12] The roughness and the contamination that originate from the dry etching of the p-GaN surface increase the Schottky barrier height ͑SBH͒ at the metal/semiconductor interface. [13] [14] [15] [16] However, the effect of roughness on p-GaN contacts has not been closely studied. This work presents the etched root-meansquare ͑rms͒ surface roughness and monitors the depth display ͑Bearing analysis͒ of the doped p-GaN after Cl 2 /Ar reactive ions etching ͑RIE͒.
All GaN materials used in this study were grown by metalorganic chemical vapor deposition on sapphire substrates. An undoped GaN layer with a thickness of 2 m was grown first and, then, a 1 m thick p-type GaN layer doped with Mg was grown. Activation annealing was performed at 750°C for 20 min in the furnace. A bulk carrier concentration of ϳ3 ϫ 10 17 cm −3 and a mobility of 10 cm 2 V −1 s −1
were obtained by Hall measurements at room temperature. All samples were ultrasonically degreased using acetone and isopropyl alcohol for 10 min and, then, rinsed with deionized ͑DI͒ water prior to Cl 2 / Ar reactive ion etching. Next, the dry etching effect of p-GaN using the RIE mode of the highdensity plasma system ͑Unaxis Nextral 860L͒ was investigated by systematically varying the radio-frequency ͑rf͒ plasma power and Cl 2 / Ar mixture gas composition. A total etching depth of 500 nm was set for all samples under various etching conditions. Following dry etching, the samples were analyzed by atomic force microscopy ͑AFM͒ to evaluate the surface properties. AFM images were obtained; rms roughness was determined and the Bearing analysis was monitored. The relationship between the surface properties and the corresponding current-voltage ͑I-V͒ characteristics of Ni/ Au metallization was then investigated. After 500 nm GaN etching, all samples were patterned by standard photolithography to determine the I-V characteristics of the Ohmic contact. The metal contact size was 50 m ϫ 100 m. Before the metal was deposited, hydrofluoric acid was used to remove the native oxide layer from p-GaN. The Ni͑20 nm͒ /Au͑20 nm͒ contact patterns were deposited on p-GaN by electron-beam evaporation and lift off. The Ni/ Au contact was then annealed in an O 2 -containing ambient atmosphere at 500°C for 5 min in the furnace.I-V data were measured from the Ni/ Au contact patterns at a spacing of 10 m, using a parameter analyzer ͑HP4156C͒.
The effects of Cl 2 / Ar gas flow rate at room temperature on the etching rate and surface morphology of p-GaN were first investigated. The average rms of as-grown p-GaN is 10.5 nm. roughness reaches its lowest value of 74 nm at a Cl 2 flow rate of 150 sccm. However, the etching rate increases with Cl 2 flow rate from 202 to 217 nm/ min ͑a 7% increase͒ but is not a strong function of the Cl 2 flow rate. This is because the increase in the Cl 2 flow rate does not proportionally increase the concentration of Cl 2 species in the chamber. Since the chamber pressure and Ar flow rate remain constant while increasing the Cl 2 flow rate, the resulted Cl 2 species residence time in the reactor decreases from opening throttle to maintain the constant chamber pressure. Thus, the total amount of Cl 2 species increases slightly. 17 The surface roughness rms changes from 84.5 to 74.0 nm ͑ϳ13% change͒ while Cl 2 flow rate increases to 150 sccm. The corresponding AFM measurement results at various Cl 2 gas flow rates indicated that nanorods were present on the surface of all p-GaN samples after dry etching, as observed in other studies. [16] [17] [18] [19] [20] Figure 2 summarizes the Bearing analysis results as a function of Cl 2 / Ar gas flow rate. The insets show the image of the nanorods after the dry etching and its corresponding Bearing ratio. Bearing analysis reveals the percentage of the surface that lies above or below a given height. This measurement provides additional information beyond standard roughness measurements. Surface roughness is generally represented in terms of statistical deviation from average height; however, this gives little indication of the height distribution over the surface. Bearing analysis can thus be used to determine what percentage of the surface ͑the "Bearing ratio"͒ lies above or below any arbitrarily chosen height. In Fig. 2 , the Bearing ratio of the nanorods is the area of the nanorods as a percentage of the total surface area. The Bearing ratio of the nanorods has its lowest average value of 13.34% at of a Cl 2 flow rate of 150 sccm. The Bearing ratio changes from 22.21 to 13.34% ͑ϳ40% change͒ while Cl 2 flow rate increases to 150 sccm. At this Cl 2 / Ar gas flow rate, a rf power of 200 W and a chamber pressure of 20 mTorr, the etched surface of p-GaN has the lowest surface roughness and the nanorods have the lowest Bearing ratio. Figure  3 shows the I-V characteristics of the Ni/ Au contacts on etched p-GaN as a function of Cl 2 / Ar gas flow rate. 500 nm etching on p-GaN changed the contact from Ohmic ͑without etch͒ to Schottky in all samples. The I-V method was used to determine the effective SBH of the Ni/ Au contacts. The I-V relation is given by 21, 22 
where A ** , the effective Richardson constant, is 96.1 A cm −2 K −2 for p-GaN; 22 J is the current density; T is the measured temperature in Kelvin; ⌽b is the barrier height; n is the ideality factor, and k is Boltzmann's constant. SBH calculations showed that the SBH is 0.47 eV for the contact without dry etching, in which the value resembles the published value. Additionally, the SBHs for adding Cl 2 / Ar etching are increased to approximately 0.6 eV, as summarized in Table I . The SBHs do not vary significantly with Cl 2 / Ar gas flow rate in RIE. Therefore, the Cl 2 / Ar gas flow rates were fixed at 150/ 10 sccm, respectively, for the experiment in which rf power was varied. Figure 4 plots the etching rates and the rms roughness for etched 500 nm p-GaN as a function of rf power at constant Cl 2 / Ar gas flow rates of 150/ 10 sccm and a chamber pressure of 20 mTorr. The surface roughness increased rapidly with the rf power from 50 to 200 W. The same trend towards an increasing etching rate is observed due to an increase in the energy of the Cl 2 species. AFM measurements reveal no nanorods on the etched p-GaN surface at a rf power of 50 W. Figure 2 plots the Bearing ratio of the nanorods as a function of rf power. The Bearing ratio of the nanorods increased significantly with an increasing rf power. The Bearing ratio data display a much stronger variation with rf power than that from rms. Table I summarizes the corresponding data, indicating that the Bearing ratio is a more significant parameter than surface rms in evaluating I-V characteristics ͑SBH͒ after 500 nm p-GaN etching. A significant 21 071% difference is observed compared with the 563% in rms. Thus, a lower Bearing ratio, a lower SBH and improved Ohmic characteristics were observed after dry etching.
The effect of the I-V characteristics of the Ni/ Au Ohmic contacts ͑Schottky barrier height͒ on p-GaN was investigated by considering dry etching using a gaseous Cl 2 / Ar mixture, by varying the Cl 2 flow rate and rf power. The etching rate did not increase significantly with the Cl 2 flow rate at a constant power and chamber pressure. Increasing the rf power increases the efficiency of etching of p-GaN. While Bearing ratio data exhibit a much stronger variation with etch conditions, the rms demonstrates the same trend but to a lesser extent. Optimizing the etching conditions can yield a low Bearing ratio, thus improving the Ohmic characteristics of Ni/ Au contacts after dry etching. 
